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Employing first-principles density functional theory calculations and Wannierization of the low energy band
structure, we analyze the electronic structure of undoped, infinite-layer nickelate compounds, NdNiO2, PrNiO2
and LaNiO2. Our study reveals important role of non-zero f -ness of Nd and Pr atoms, as opposed to f0
occupancy of La. The non-zero f -ness becomes effective in lowering the energy of the rare-earth 5d hybridized
axial orbital thereby enhancing the electron pockets and influencing the Fermi surface topology. The Fermi
surface topology of NdNiO2 and PrNiO2 is strikingly similar, while differences are observed for LaNiO2. This
difference shows up in computed doping dependent superconducting properties of the three compounds within
a weak coupling theory, which finds two gap superconductivity for NdNiO2 and PrNiO2, and possibility of a
single gap superconductivity for LaNiO2 with the strength of superconductivity suppressed by almost a factor
of two, compared to Nd or Pr compound.
Introduction.– Discovery of high temperature superconduc-
tivity in cuprates[1] consisting of two-dimensional (2D) CuO2
planes, has prompted search for other transition metal ox-
ide compounds, having similar structural motif as in high Tc
cuprates. This raised the interest in the existence of nickelate
compounds with 2D NiO2 planes as the common structural
element, having Ni1+ ions of electronic configuration d9, iso-
electronic to Cu2+.
The first nickelate structure containing 2D NiO2 planes
that was synthesized is the infinite layer LaNiO2.[2] Subse-
quently, another member of the infinite layer nickelate se-
ries, namely, NdNiO2 has been synthesized.[3] Very recently,
NdNiO2 has been shown[4] to be superconducting upon hole
doping with Tc ≈ 9-15 K with a number of studies devoted
on this topic.[5–12] Superconductivity in LaNiO2 is not yet
reported, though NdNiO2 and LaNiO2 are isostructural. This
makes the origin of possible differential behavior of LaNiO2
and NdNiO2 intriguing. The ionic radius[13] of La3+ is 104
pm ≈ 4% larger than the ionic radius of Nd3+ (100 pm), re-
sulting in an expanded lattice of volume ≈ 5% in LaNiO2
compared to NdNiO2.[3, 14] Such structural differences may
influence the electronic behavior, though this has not been in-
vestigated. On the other hand, it has been suggested[15] that
direct hybridization with the Nd 4f states may become im-
portant for the description of electronic structure of NdNiO2
near the chemical potential. It is to be noted that the spin dis-
order broadening induced by such direct hybridization is ex-
pected to play a detrimental role in superconductivity rather
than helping it. The situation became further curious by the
report of PrNiO2 [16] exhibiting superconductivity with Tc ≈
7-12 K. Very similar values of Tc for NdNiO2 and PrNiO2,
despite Nd3+ having a f -electron count of 3 and Pr3+ hav-
ing a f -electron count of 2, raises questions on the active role
of f -electrons on the electronic behaviour and consequent su-
perconducting properties of NdNiO2 and PrNiO2. This leaves
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the role of 4f electrons an open issue. On the other hand, it is
interesting to note that while the ground state for the quasi-2D
reduced trilayer nickelate La4Ni3O8 is a charge density-wave
insulator,[17] that of Pr4Ni3O8[18] is metallic, implying the
difference between the La and Pr systems manifests not only
in case of infinite layer 2D compounds, but also for quasi-2D
compounds.
In this communication, we probe this issue by comput-
ing the electronic structure of NdNiO2, PrNiO2 and LaNiO2
within the framework of density functional theory, probing the
impact of structural and chemical changes on the electronic
structure, on the active orbitals participating on the formation
of Fermi surface and on superconductivity. The comparison
and contrast between the three compounds, two of them with
reported superconducting properties,[4, 16] and one not-yet-
reported to be superconducting, unravels the possible role of
non-zero f -ness in this curious trend.
Electronic Structure.– Fig. 1a) shows the infinite-layer
structure of nickelate compounds with general formula RNiO2
(R = La, Nd, Pr). The La/Pr/Nd atoms occupy the position
(0.5,0.5,0.5), with Ni at (0,0,0) and O at (0.5,0.0,0.0) of the
P4/mmm space group. The lattice constants of the tetragonal
unit cell,[3, 14, 16] are given by, a = b = 3.92/3.91/3.96 A˚,
and c = 3.28/3.31/3.36 for Nd/Pr/La compounds. The com-
parison of the electronic structure of the three compounds, in
their respective crystal structures and that in the same crys-
tal structure as that of LaNiO2, as computed within den-
sity functional theory (DFT), are shown in Fig.s 1b) and
1c), respectively. DFT calculations have been carried out
in plane wave basis with projected augmented wave (PAW)
potential,[19] as implemented in Vienna Ab-initio Simula-
tion Package (VASP)[20] with choice of generalized gradi-
ent approximation (GGA)[21] for the exchange-correlation
functional.[22] Although the band structure of the three com-
pounds look similar at a first glance, with two low-energy
bands crossing Fermi level giving rise to a hole pocket cen-
tered around M(A) point, and electron pockets at Γ and A
points, there are interesting and important differences. First
of all, we find while the band structures of Nd and Pr com-
pounds fall almost on top of each other, there exists signif-
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2FIG. 1. (Color online) a) Crystal structure of infinite-layer RNiO2
(R = Pr/Nd/La). b) DFT band structure of LaNiO2 (black,
solid lines) in comparison to NdNiO2 (red, dashed lines) and
PrNiO2 (blue, dashed lines) plotted along the high symmetry
lines (Γ(0,0,0)-X(pi/a,0,0)-M(pi/a,pi/a,0)-Γ-Z(0,0,pi/c)-R(pi/a,0,pi/c)-
A(pi/a,pi/a,pi/c) of the tetragonal Brillouin zone, computed for the
actual crystals of LaNiO2, NdNiO2 and PrNiO2. c) Same as b) but
band structures computed using the same crystal structure (crystal
structure of LaNiO2) for all three compounds. The zero of the en-
ergy is set Fermi level. d)-f) The density of states corresponding
to two-bands crossing Fermi level for LaNiO2 (d), PrNiO2 (e) and
NdNiO2 (f). Labeled are the occupancies of the two bands. g)-i) The
Fermi surfaces for LaNiO2 (g), PrNiO2 (h) and NdNiO2 (i).
icant differences with the band structure of LaNiO2 (cf Fig.
1b). In particular, there is a marked difference observed in
the electron pocket around Γ-point which arise due to hy-
bridization between R-5d (3z2-r2) states and Ni-3d states.
For the band structures obtained with fixed crystal structure
(panel c)) the electron pocket around Γ-point in Nd/PrNiO2
lies about 0.2 eV below that in LaNiO2. The structural differ-
ences between Nd/PrNiO2 and LaNiO2, pushes the electron
pocket around Γ-point further down in Nd/PrNiO2, making it
lie about 0.4 eV below that in LaNiO2 (panel b)). This differ-
ence in electronic structure between Nd/PrNiO2 and LaNiO2
can be appreciated further in terms of the density of states cor-
responding to two low-energy bands crossing the Fermi level.
We find a marked difference in the occupancies of the two
bands between Nd/PrNiO2 and LaNiO2, being 0.88 e− and
0.12 e− for Nd/PrNiO2 in contrast to 0.93 e− and 0.07 e− for
LaNiO2. This brings in significant difference in fermiology
between Nd/PrNiO2 and LaNiO2 with Γ-centered spherical
hole pocket in Nd/PrNiO2 being about twice the size of that
in LaNiO2.
As shown previously,[23] two bands crossing the Fermi-
level can be spanned by two effective orbitals, Ni-x2-y2 or-
bital and an axial orbital formed by linear combination of
FIG. 2. (Color online) a)-c) The effective Ni x2-y2 Wannier func-
tion for LaNiO2 (a), PrNiO2 (b) and NdNiO2 (c). The oppositely
signed lobes are colored differently. d)-f) The effective axial Wan-
nier function for LaNiO2 (c), PrNiO2 (d) and NdNiO2 (e). g)-i) The
in-plane and out-of-plane (insets) intra- and inter-orbital hopping in-
teractions plotted as function of Ni-Ni distances: between axial-axial
(g), x2-y2-x2-y2 (h) and x2-y2-axial (i). The distances correspond-
ing to various near-neighbors (NNs) are marked. The interactions
for LaNiO2, PrNiO2 and NdNiO2 are shown as circle, triangle and
squares.
R-3z2-r2, R-xy, Ni-3z2-r2 and Ni-s, constructed using the
formulation of WANNIER90.[24] The axial orbital formed
is not centered on a single atom, rather its density encom-
passes both Ni and R atoms, with significant weight occupy-
ing the interstitial.[11] The effective x2-y2 and axial orbitals
for the three compounds, NdNiO2 (NNO), PrNiO2 (PNO)
and LaNiO2 (LNO) are shown in Fig. 2a)-f). The effective
x2-y2 orbital which forms an antibonding combination of Ni
x2-y2 and O px/py is identical in three compounds. On the
other hand, while the features of axial orbital is same between
NdNiO2 and PrNiO2, it is different in LaNiO2. As found
previously,[23] it is thus the axial orbital that encodes the ma-
terials dependence. This difference in orbital characters span-
ning the low energy bands gets reflected in the intra-orbital
and inter-orbital hopping interactions, shown in panels g)-i)
of Fig. 2. In general, we find that hopping interactions in
PrNiO2 are similar to that of NdNiO2, while that of LaNiO2
is different. Most importantly, the inter-orbital hopping, con-
necting x2-y2 and the axial orbital is markedly different be-
tween Nd/PrNiO2 and LaNiO2, the hopping along [100] (2nd
near-neighbor, 2NN) and [102] (7NN) in Nd/PrNiO2 being
17% and 50% larger than that of LaNiO2. The remarkable
similarity in the structure of axial orbital between NdNiO2
and PrNiO2 compounds and dissimilarity with LaNiO2 high-
lights the fact that NdNiO2 and PrNiO2 belongs to same class,
while LaNiO2 is different. What causes this difference? The
electronic configuration of La3+ is [Xe] while that of Nd3+
3and Pr3+ are [Xe]4f3 and [Xe]4f2, respectively. This makes
4f bands of La3+ lie empty around 2.5 eV above the Fermi
level, while three and two electrons of 4f of Nd3+ and Pr3+
contribute in the core within the nonmagnetic scheme of cal-
culation. The resultant effect of empty 4f and 5d interaction
of La in case of LaNiO2, vis-a-vis 4f core for Nd/Pr puts the
active 5d (3z2-r2) state of Nd/PrNiO2 in a favorable position
to hybridize more effectively with the Ni states resulting in the
band center of the hybrid axial orbital lying 0.5 eV lower in
energy in comparison to LaNiO2 and having bandwidth 1 eV
larger in Nd/PrNiO2 compared to LaNiO2. We note this ef-
fect arises irrespective of the disordered magnetism of 4f ,[15]
the role of which till date is not known. This emphasizes the
importance of the non-zero f -ness in Nd/Pr in tailoring the
position of the axial orbital and consequent impact on the su-
perconductivity which we discuss next.
Superconductivity:- The natural question is how does this
materials specific electronic structure influence the super-
conducting (SC) state in this family. We extend our pre-
vious studies on spin-fluctuation mediated SC pairing sym-
metry and pairing strength to all three materials and as a
function of doping.[23] Earlier, we have shown[23] that the
inter-orbital interaction between the Ni-x2-y2 and axial or-
bital plays the key role to stabilize SC ground state in these
materials. The importance of inter-orbital interaction is sup-
ported by the spectroscopic data[32] as well as found in a re-
cent DFT+DMFT study[34] on Nd1−xSrxNiO2.
We consider a two-band Hubbard model with interaction
Hamiltonian given by,
Hint =
∑
i,σ
Uiniσniσ¯ + V
∑
i6=j,σσ′
niσnjσ′ , (1)
where niσ is the number density of the ith (=1,2) orbital, and
spin σ/σ¯=↑ / ↓. Ui are the intra-orbital interactions, and V is
the inter-orbital interaction.
For the above interaction, an effective SC potential Γ can be
obtained by summing over the bubble and ladder diagrams[27,
29–31] as
Hint ≈ 1
Ω2BZ
∑
αβγδ
∑
k,k′,σσ′
Γγδαβ(q)
×c†ασ(k)c†βσ′(−k)cγσ′(−k′)cδσ(k′). (2)
c†α,σ(k) is the creation operator for the α-orbital with spin
σ =↑ / ↓ at the wave vector k. Γ is the effective pairing
tensor which can be decomposed into the singlet and triplet
states. For NNO and also in PNO, the axial orbital assisted
inter-orbital interaction V promotes an orbital-selective super-
conductivity, while the orbital selectivity is nearly lost in LNO
due to the lack of sufficient contribution of axial orbital to the
Fermi surface (FS).[23] The orbital dependent pairing fields
in the spin-singlet channels (σ′ = −σ) can be defined from
the above equation as
∆αβ(k) = − 1
ΩBZ
∑
γδσ
∑
k′
Γγδαβ(k,k
′) 〈cγσ(−k′)cδσ¯(k′)〉 ,
= − 1
ΩBZ
∑
γδσ
∑
k′
Γγδαβ(k,k
′)∆γδ(k)
×
∑
ν
φνγ(−k′)φνδ (k′)
2ξν(k′)
tanh
(
ξν(k
′)
2kBT
)
. (3)
The expectation value on the right hand side is taken over the
typical BCS ground state, which yields a self-consistent BCS
gap equation in the second line. Here ν is the band index,
and ξν(k) and φνα(k) are the eigenvalue and eigenvector of
the two-band Wannier Hamiltonian, directly obtained from
the DFT code. At T → 0 limit, and when the momenta
are restricted to the FS, the tanh-function leads to a δ
function. Therefore, we introduce the SC coupling constant
λ → 12ξν(k) tanh
(
ξν(k)
2kBT
)
k∈kF
. Finally, we define the
band dependent SC gap ∆ν and pairing potential Γνν′ as
∆ν(k) =
∑
αβ ∆αβ(k)φ
ν∗
α (k)φ
ν∗
β (−k), and Γ′νν′(k,k′) =∑
αβγδ Γ
γδ
αβ(q)φ
ν†
α (k)φ
ν†
β (−k)φν
′
γ (−k′)φν
′
δ (k
′).[26] This
yields the self-consistent SC gap equation, given by
∆ν(k) = −λ 1
ΩBZ
∑
ν′,q
Γνν′(k,q)∆ν′(k+ q). (4)
This is an eigenvalue equation of the pairing potential
Γνν′(q = k−k′) with eigenvalue λ and eigenfunction ∆ν(k).
The k-dependence of ∆ν(k) dictates the pairing symmetry for
a given eigenvalue. While there are many solutions (as many
as the k-grid), we consider only the highest eigenvalue since
this pairing symmetry can be shown to have the lowest Free
energy value in the SC state.[27] Further details on our com-
putational method can be obtained in Ref. [23, 25]
The highest pairing eigenvalue of Eq. (4) gives a two-
dimensional dx2−y2 symmetry gap in the Ni-d orbital chan-
nel. The dx2−y2 -wave state results from the antiferromagnetic
Q = (pi, pi) nesting between the two hot-spots across the Bril-
louin zone (BZ) for the hole pocket (near the kz = 0 plane).
The observed three-dimensionality of the hole-pocket clearly
weakens the nesting strength and brings in doping dependence
(see below). All three compounds have similar hole pocket
and hence gives a dx2−y2 - wave solution. For NNO and PNO,
there exists large area FS electron pockets α (centered around
the Γ-point) which opens up another nesting channel between
the α and γ (centered around the A-point) electron pockets,
contributed by axial orbital, and offers an additional pairing
channel which is of dz2 -wave symmetry. This is nearly ab-
sent in LNO due to diminishing presence of electron pocket
at Γ. Thus superconductivity in NNO and PNO is of two
gap nature, while a single gap superconductivity is found in
LNO. Furthermore, having a second pairing channel with a
symmetry that is consistent with the corresponding FS nest-
ing, enhances the SC coupling constant λ in NNO and PNO,
compared to LNO.
The dx2−y2 -wave gap gives a nodal quasi-particle DOS
while the dz2 -wave gap symmetry becomes node-less as it
4FIG. 3. (Color online) a) Doping dependent SC coupling constant
λ (scaled by the strength of maximum λ for NNO) for three differ-
ent materials for choice of V = 1.5 eV and V = 1.0 eV. The shaded
regions are the guide to the eyes. Due to the limitations of weak cou-
pling theory, the shaded area for x < 0.15 are only schematic con-
struction. b-c) FS for NNO at two dopings, with the blue to red color
map denoting the corresponding orbital weight for the Ni-dx2−y2 to
axial-s orbitals.
originates from the axial orbital which primarily contributes in
the α and γ FS pockets, and has no contribution in kz = pi/2.
This finding corroborates the recent STM data on NNO.[35]
In Fig. 3a), we plot the calculated values of λ contributed
by all channels, as a function of doping for the three com-
pounds. The solution of gap equation shows that the pair-
ing symmetry for NNO and PNO remains of two gap nature
throughout the doping range, while that of LNO remains pre-
dominantly a single d-wave gap SC. The added contribution
of two channels of pairing in NNO and PNO, as opposed to a
nearly single channel SC in LNO, makes the pairing strength
in about twice larger in NNO/PNO compared to LNO in al-
most the entire doping range.
Further, as seen in Fig. 3a), λ decreases monotonically with
doping for all three compounds. Doping dependent calcula-
tions are carried out for two choices of V = 1.5 eV and 1.0 eV
with U=1, 0.5 eV for the Ni-d and axial orbitals, respectively.
We find that the qualitative features remain unchanged upon
change of V value. Thus, the doping dependence arises purely
due to changes in electronic structure, and guided by how
the FS volume, FS nesting and the associated orbital weight
evolve with doping.
The origin of decreasing strength of SC with doping can be
traced back to the FS area and nesting strength. As seen from
the orbital resolved DOS in Fig. 1 (lower panel), with hole
doping, the DOS of the Ni dx2−y2 orbital increases, while that
of the axial orbital decreases. There is a van-Hove singularity
(VHS) of the dx2−y2 which lies below the Fermi level, as in
cuprates, however, this VHS cannot be doped within the ex-
perimentally feasible range. In a simple BCS like picture, one
would thus expect the SC strength to increase with hole dop-
ing due to the increment of DOS. However, contrary to this,
superconductivity is found to decrease with doping.
To find out the reason behind this, we probe the 3D FS
topology and the orbital weight distributions for the represen-
tative case of NNO in Fig. 3b) and 3c) at two characteristic
dopings (x = 0.15 and x = 0.3). The FS evolution between
these two doings is monotonic, and there is no significant
change in the FS topology across this doping range. The large
FS, which is dominated by the Ni-d orbital (blue color) has an
interesting transition from the hole-like FS (as in underdoped
cuprates) near kz = 0 to an electron-like FS (as in overdoped
cuprates) near kz = pi plane. The transition occurs close to
the kz = pi plane and this transition point moves towards the
kz = 0 planes with increasing hole doping. In other words,
the hole-pocket become more three-dimensional with increas-
ing doping and this makes a difference in the FS nesting at
Q = (pi, pi). As the area of the hole-like FS topology reduces
with doping, the FS nesting strength at Q also gradually re-
duces. Thus, the SC strength decreases monotonically. On the
other hand, for NNO/PNO the electron-pocket size decreases
with hole doping and hence both its nesting strength and the
contributions to λ from its DOS decreases. In essence, the SC
coupling constant for the dz2 also decreases with doping.
Our theory reproduces the right-hand side of the SC dome,
as observed in NNO as well as in PNO, [36, 37] The de-
crease of λ at lower doping is not obtained in our model,
since our theory does not include the renormalization effects
on the quasiparticle spectrum due to many-body interaction. It
is known experimentally that the low-doping region is a corre-
lated metal or weak insulator[36, 37] and hence indicating the
important role of correlation which quenches the SC coupling
constant.[33, 38]
Conclusion. - Motivated by the recent discovery of super-
conductivity in NNO[4] and in PNO[16] with very similar su-
perconducting transition temperatures, we investigate the role
of non-zero f -ness of Nd and Pr compounds, as supercon-
ductivity has not yet been observed in another infinite layer
nickelate LaNiO2, containing f0 La. While the active role f
electrons is debated, we discuss the role of f electrons in in-
fluencing the positions of 5d levels of RE elements, thereby
dictating the nature of axial orbital contributing to the second
band that crosses the Fermi level. This provides subtle differ-
ences between the Fermi surface topology of the Pr and Nd
compounds, and that of La compounds, driving the two gap
superconductivity in Pr and Nd compounds as opposed to a
single gap in La compound. Interestingly the doping depen-
dent superconductivity shows a factor of two suppression in
the strength of superconductivity in La compound, as com-
pared to that of Nd and Pr compounds.
Note, our calculation and analysis does not include of ef-
fect of magnetism of 4f electrons. However, the fact that the
difference and similarity of the three compounds have been
brought out correctly, suggests the role of the f electrons, as
identified in the present study, to be the dominant one.
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